Background: Monocyte accumulation contributes to inflammatory disease progression. Results: ASMCs overexpressing V3 resist monocyte adhesion by promoting elastogenesis, depleting hyaluronan, and reducing VCAM1, via differentially regulating TGF␤-, EGF-, and NFB-signaling pathways. Conclusion: V3 expression by ASMCs generates a microenvironment resistant to monocyte adhesion. Significance: Modifying ECM components via V3 expression alters monocyte adhesion, which suggests therapeutic possibilities to treat inflammation. . 2 The abbreviations used are: V3, V3 isoform of versican; ASMC, arterial smooth muscle cell; ECM, extracellular matrix; VCAM1, vascular cell adhesion molecule 1; EGFR, epidermal growth factor receptor; NFB, nuclear factor B; qPCR, quantitative polymerase chain reaction; ICAM1, intercellular adhesion molecule 1; ER, endoplasmic reticulum; ELSA, enzymelinked sorbent assay; LFA1, lymphocyte function-associated antigen 1; VLA4, very late antigen 4; ANOVA, analysis of variance; Has1, -2, and -3, hyaluronan synthase 1, 2, and 3, respectively.
Monocyte/macrophage accumulation plays a critical role during progression of cardiovascular diseases, such as atherosclerosis. Our previous studies demonstrated that retrovirally mediated expression of the versican V3 splice variant (V3) by arterial smooth muscle cells (ASMCs) decreases monocyte adhesion in vitro and macrophage accumulation in a model of lipid-induced neointimal formation in vivo.
We now demonstrate that V3-expressing ASMCs resist monocyte adhesion by altering the composition of the microenvironment surrounding the cells by affecting multiple signaling pathways. Reduction of monocyte adhesion to V3-expressing ASMCs is due to the generation of an extracellular matrix enriched in elastic fibers and depleted in hyaluronan, and reduction of the proinflammatory cell surface vascular cell adhesion molecule 1 (VCAM1). Blocking these changes reverses the protective effect of V3 on monocyte adhesion. The enhanced elastogenesis induced by V3 expression is mediated by TGF␤ signaling, whereas the reduction in hyaluronan cable formation induced by V3 expression is mediated by the blockade of epidermal growth factor receptor and NFB activation pathways. In addition, expression of V3 by ASMCs induced a marked decrease in NFB-responsive proinflammatory cell surface molecules that mediate monocyte adhesion, such as VCAM1. Overall, these results indicate that V3 expression by ASMCs creates a microenvironment resistant to monocyte adhesion via differentially regulating multiple signaling pathways.
Monocyte/macrophage accumulation plays a critical role during progression of cardiovascular diseases, such as atherosclerosis (1) (2) (3) . Previously, we demonstrated that controlled expression of the V3 isoform of versican (V3) 2 by arterial smooth muscle cells (ASMCs), which lack glycosaminoglycan binding domains, reduced monocyte adhesion in vitro and monocyte/macrophage accumulation in vivo (4) . However, the mechanism by which V3 expression reduces monocyte adhesion was not known.
In the present study, we have demonstrated that V3-expressing ASMCs resist monocyte adhesion not only by generating an extracellular matrix (ECM) enriched in elastic fibers and depleted in hyaluronan, but also by reducing proinflammatory cell adhesion molecules, such as vascular cell adhesion molecule 1 (VCAM1). The enhanced elastogenesis induced by V3 expression was mediated by transforming growth factor ␤ (TGF␤) signaling in ASMCs. In addition to these effects on elastic fibers, V3-expressing ASMCs had fewer hyaluronan cable structures that support monocyte accumulation in the ECM (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) . This reduction in hyaluronan cable formation was mediated by the blockade of epidermal growth factor receptor (EGFR) and nuclear factor B (NFB) activation. Furthermore, expression of V3 by ASMCs induced a marked reduction in NFB-responsive proinflammatory cell surface molecules that mediate monocyte adhesion, such as VCAM1, both at transcript and protein levels. Importantly, V3-expressing ASMCs had reduced levels of VCAM1-dependent monocyte adhesion compared with control cells. These data suggest that V3 expres-sion by ASMCs generates a microenvironment resistant to monocyte adhesion by affecting the ECM components as well as cell adhesion molecules via differentially regulating multiple key signaling pathways.
MATERIALS AND METHODS
Cell Culture-Fischer rat ASMCs were obtained and cultured as described previously (16) . Retrovirally transduced cells were maintained in Dulbecco's high glucose modified Eagle's medium supplemented with 10% fetal bovine serum (FBS), sodium pyruvate, nonessential amino acids, glutamine, and penicillin-streptomycin (Invitrogen). Cells were used between 4 and 8 passages after the initial transduction.
Expression of V3 in ASMCs-The V3 splice variant of versican was expressed in Fischer rat ASMCs using retroviral vectors, as described previously (17) (18) (19) . Briefly, the rat V3 sequence was inserted into the BamHI site of the retroviral vector LXSN (courtesy of Dr. A. D. Miller, Fred Hutchinson Cancer Research Center, Seattle, WA). The retroviral vector containing the V3 gene (LV3SN) as well as the empty control vector (LXSN) were used to infect Fischer rat ASMCs using PA317 packaging cells as described previously (16, 18) .
Quantitative Polymerase Chain Reaction (qPCR)-DNA-free RNA was obtained from cell layers using the Total RNA Isolation Kit (Agilent Technologies), and cDNA was prepared from the isolated RNA by reverse transcription using random primers with the High-Capacity cDNA Archive Kit from Applied Biosystems. Real-time PCR was carried out using an Applied Biosystems Prism 7500 sequence detection system and the SYBR Green or TaqMan Universal PCR Master Mix reagent kit from Applied Biosystems as directed by the manufacturer. Applied Biosystems gene expression assays used with TaqMan reagents were as follows: Rn01499783_m1, tropoelastin; Mm01336252_m1, fibulin 5; Rn01493752_m1, Has1; Rn00565774_m1, Has2; Mm00515092_m1, Has3; Mm00476206_ m1, hyaluronidase 1; and Mm01230689_g1, hyaluronidase 2. Primers used with SYBR Green reagents were as follows: GAGAACTGTGGCACCACGCAGTC (forward) and AGGAT CCAGCTCCACTCGCTCTG (reverse) for intercellular adhesion molecule 1 (ICAM1); TCGGCTCGCAGTTGCGAAGT (forward) and GGCGGGTATTACCAAGGAGGATGC (reverse) for VCAM1.
For each group, assays were run on samples isolated from 2-4 replicate dishes. mRNA levels were then expressed as estimated copy numbers of mRNA using the relative standard curve method (Applied Biosystems). Levels of tropoelastin and fibulin 5 mRNA were quantified, and the degree of inhibition was determined by comparing mRNA levels in the shRNAtreated groups with those in negative control shRNA-treated groups.
Immunofluorescence Staining-Control or V3-expressing ASMCs were allowed to deposit ECM for 2 weeks postconfluence. Cells were fixed in 3.7% paraformaldehyde, blocked in 2% BSA (bovine serum albumin, Fraction V heat shock, Roche Applied Science) and 2% normal donkey serum (Jackson Immunoresearch) in PBS, prior to staining for tropoelastin (1:1000; rabbit polyclonal antiserum against bovine tropoelastin, a kind gift from Dr. Robert Mecham (St. Louis, MO)), followed by Alexa Fluor 555-conjugated donkey anti-rabbit IgG (1:500; Invitrogen). Nuclei of cells were visualized by TO-PRO-3 staining (1:1000; Invitrogen). In some experiments, human U937 promyelomonocytic cells (ATCC, Manassas, VA) were allowed to adhere to ECM deposited by control or V3-expressing ASMCs for 1 h at 4°C. The cells were fixed and blocked as described above, prior to staining for the monocyte marker CD68 (1:100 dilution; mouse monoclonal KP-1 antibody against human CD68 (Abcam)) and tropoelastin (1:1000), followed by Alexa Fluor 488-conjugated donkey anti-mouse IgG and Alexa Fluor 555-conjugated donkey anti-rabbit IgG (1:500; Invitrogen) and nuclear counterstaining with TO-PRO-3 staining (1:1000; Invitrogen). Images were obtained and merged on a Leica SP5 confocal microscope.
Hyaluronan cable structures formed after tunicamycin treatment were immunostained and visualized as described previously (20) . Briefly, control or V3-expressing ASMCs cultured on glass coverslips for 10 days were growth-arrested for 48 h in 0.1% FBS-containing culture medium followed by 24-h treatment with the endoplasmic reticulum (ER) stress inducer tunicamycin (5 g/ml) in 10% FBS-containing culture medium. Some cells were treated with an EGFR inhibitor (5 M; AG1478, Calbiochem) or NFB activation inhibitor (5 M; 6-amino-4-(4-phenoxyphenylethylamino)quinazoline, Calbiochem) for 1 h prior to tunicamycin stimulation to determine the role of EGFR-or NFB-dependent signaling pathways in generating ER stress-induced hyaluronan cable structures. Coverslips were then fixed in acid-formalin-ethanol (3.7% paraformaldehyde, 5% acetic acid, and 70% ethanol, v/v/v), followed by rinsing in PBS. Cells were stained for hyaluronan using biotinylated hyaluronan-binding protein (21) followed by streptavidin Alexa Fluor 488 in PBS containing 1% BSA. Nuclei were stained with DAPI. Images were acquired and merged on a Leica DMIRB inverted microscope, which was equipped for fluorescent epiillumination, using a Diagnostic Instruments Pursuit 4.0-megapixel chilled color CCD camera and Spot software, version 4.5.9.1.
TGF␤-blocking Experiments-Control or V3-expressing ASMCs were treated with pharmacological inhibitors against TGFBRI (SB431542, Calbiochem), IGF1R (AG1024, Calbiochem), or EGFR2 (AG825, Calbiochem) at 5 M for 6 days. In some experiments, ASMCs were treated with blocking antibodies against all isoforms of TGF␤ (10 g/ml; AB-100, R&D Systems), TGF␤1 (1 g/ml; AF-101, R&D Systems), or TGF␤3 (1 g/ml; AF-243, R&D Systems) for 6 days. The levels of tropoelastin and fibulin 5 mRNA with or without the treatments were examined by using qPCR as described above.
Tropoelastin and Fibulin 5 Knockdown-To determine whether monocyte adhesion is dependent on elastic fiber accumulation in ECM deposited by ASMCs, tropoelastin, a soluble monomeric subunit of elastic fiber, or fibulin 5, a scaffold protein of microfibrils critical in elastic fiber formation (22) (23) (24) , was knocked down using lentiviral shRNA (Santa Cruz Biotechnology, Inc.). Briefly, control or V3-expressing ASMCs were infected with lentiviral particles containing tropoelastin shRNA sequences (CUG-CAUCCAAAGCUGCUAA, CCACUAUCAACCUGGUUCA, and CACAUGCAGUACUGUAAUC) or fibulin 5 (CCUAUUC-CUGUACGUGUAA, GGUCUUGCCAAGAUGUGAA, and CUCUAUCUCUUGCUGCAUU) at a multiplicity of infection of 0.5. Lentiviral particles containing nonsense shRNA sequence (Santa Cruz Biotechnology, Inc.) were used as a negative control. ASMCs expressing lentiviral shRNA were then selected by puromycin resistance. Knockdown efficiency of shRNA was determined by measuring tropoelastin and fibulin 5 mRNA levels using real-time PCR as described above.
Monocyte Adhesion Assay on the ECM Generated by ASMCs-Monocyte binding to ECM generated by control LXSN or ASMCs expressing V3 was assayed as described previously (10, 14) with some modifications. Control or V3-expressing ASMCs were grown for 2 weeks. The human monocytic cell line, U937 (ATCC), was labeled with 5 g/ml calcein AM (Invitrogen) in the dark for 45 min at 37°C and washed to remove unincorporated calcein. The labeled U937 cells suspended in ice-cold RPMI medium 1640 without phenol red (Invitrogen) were added to ASMCs in 96-well plates (3 ϫ 10 5 cells/well) and allowed to bind for 90 min at 4°C. Non-bound monocytic cells were removed by washing with cold RPMI medium. Monocyte binding was measured by exciting the calcein incorporated into the monocytes at 485 nm and reading fluorescence at 530 nm using a Fusion Series Universal Microplate Analyzer (Perkin-Elmer Life Sciences) (14) .
Some ASMCs were treated with the ER stress inducer tunicamycin (5 g/ml) in culture medium for 18 h at 37°C prior to assaying for monocyte adhesion (12) . ECM generated by control or V3-expressing ASMCs was treated with Streptomyces hyaluronidase (1 unit/ml; Seikagaku) at 37°C for 30 min prior to adding monocytes to determine the role of hyaluronan in monocyte binding.
Some cells were treated with an EGFR inhibitor (5 M; AG1478, Calbiochem) or NFB activation inhibitor (5 M; 6-amino-4-(4-phenoxyphenylethylamino)quinazoline, Calbiochem) for 1 h prior to tunicamycin stimulation to determine the role of EGFR-or NFB-dependent signaling pathways in hyaluronan-dependent monocyte adhesion.
Monocyte Adhesion on Elastin-coated Plates-To address whether elastin resists monocyte adhesion in a dose-response manner, 96-well non-tissue culture-treated polystyrene plates were coated with 0, 10, and 100 g/ml soluble elastin (extracted from bovine ligament by hot oxalic acid, Elastin Products Co.). The monocyte adhesion assay was performed on these elastincoated plates as described above. In another experiment, the monocyte adhesion assay was performed on tissue culturetreated polystyrene plates coated with 20 g/ml type I rat tail collagen (BD Biosciences), soluble elastin, or -elastin (Elastin Products Co.).
Western Blotting-For evaluating the impact of V3 expression on EGFR-dependent signaling pathways, control or V3-expressing ASMCs cultured for 24 h were growth-arrested in culture medium containing 0.1% FBS for 48 h, followed by stimulation with or without 25 ng/ml EGF (Sigma-Aldrich) for 2 min. At these time points, the levels of pEGFR were greatest in control ASMCs after EGF stimulation in the initial time course experiments. Total cell lysates were harvested in ice-cold cell lysis buffer (50 mM HEPES, 150 mM NaCl, 1% Nonidet P-40, 5 mM NaF, 2 mM Na 3 VO 4 , supplemented with protease inhibitor mixture (P8340, Sigma-Aldrich)), followed by sonication for 30 s. Total protein concentration was determined by BCA assay as directed by the manufacturer (Thermo Scientific). Total cell lysates (20 g/lane) were run on 8% SDS-PAGE and transferred to a nitrocellulose membrane at 10 V constant voltage overnight at 4°C. Membranes were fixed with 0.05% glutaraldehyde for 10 min, prior to blocking in 2% BSA in Tris-buffered saline with 0.5% Tween 20 (pH 7.4) and incubated with anti-phospho-EGFR (Tyr-1068; Cell Signaling), anti-EGFR (Cell Signaling), anti-phospho-p85/p55 (Tyr-458/Tyr-199) regulatory subunit of PI3K (Cell Signaling), anti-phospho-NFB p65 (Ser-536; Cell Signaling), anti-NFB p65 (Cell Signaling) or anti-␤-actin (Sigma-Aldrich) at 1:1000 dilutions, followed by incubations with horseradish peroxidase (HRP)-conjugated anti-rabbit secondary antibodies (1:80,000; Jackson Immunoresearch) and with a chemiluminescent substrate West Dura (Pierce). In some experiments, cytoplasmic proteins were harvested from control or V3-expressing ASMCs using NE-PER nuclear and cytoplasmic extraction reagents (Thermo Scientific) according to manufacturer's protocols. Cytoplasmic proteins (20 g/lane) were resolved on 8% SDS-PAGE and transferred to nitrocellulose membranes as described above, followed by incubation with anti-EGFR (Cell Signaling), anti-p85 PI3K (1:1000 dilutions; Cell Signaling), anti-NFB p65 (1:1000; Cell Signaling), anti-ICAM1 (1:500; Sigma-Aldrich), anti-VCAM1 (1:200; Santa Cruz Biotechnology), or anti-␤-actin (1:1000; Abcam) followed by incubations with HRP-conjugated anti-rabbit secondary antibodies (1:80,000; Jackson Immunoresearch), HRPconjugated anti-goat secondary antibodies (1:10,000), or HRPconjugated anti-mouse secondary antibodies (1:10,000) and with a chemiluminescent substrate West Dura (Pierce). For reprobing, membranes were stripped by Restore Western blot stripping buffer (Pierce) as directed by manufacturer, followed by washing in Tris-buffered saline with 0.5% Tween 20 and blocking as described above. Densitometry was performed using ImageJ version 1.44.
Hyaluronan Quantification-Hyaluronan secretion into the medium and accumulation in the cell layer were quantified by a competitive enzyme-linked sorbent assay (ELSA), as previously described (25) . Briefly, conditioned media and cell layers from ASMC cultures were digested with Pronase (500 g/ml) overnight at 37°C, followed by heat inactivation at 100°C for 10 min. Digested media and cell layers were mixed with biotinylated hyaluronan-binding protein for 1 h at room temperature and added to microtiter plates coated with BSA-conjugated hyaluronan. The plates were then incubated with peroxidaselabeled streptavidin for 20 min and incubated with peroxidase substrate (0.03% H 2 O 2 , 0.5 mg/ml 2,2Ј-azino-bis(3-ethylbenzthiazoline)6-sulfonic acid in 0.1 M sodium citrate, pH 4.2). The absorbance at 405 nm was measured, which is inversely proportional to the level of hyaluronan in the sample that was calculated from a standard curve.
Lymphocyte Function-associated Antigen 1 (LFA1) and Very Late Antigen 4 (VLA4) Blocking Experiment-Calcein-labeled U937 cells were incubated in the presence of anti-integrin ␣ L (anti-LFA1, 4 g/ml; clone HI111, Biolegend) or anti-integrin ␣ 4 (anti-VLA4, 4 g/ml; clone 2B4, R&D Systems) in ice-cold RPMI medium for 1 h. These antibodies were previously demonstrated as blocking interactions between LFA1 and ICAM1 MAY 30, 2014 • VOLUME 289 • NUMBER 22 JOURNAL OF BIOLOGICAL CHEMISTRY 15395 (26) or between VLA4 and VCAM1 (27) . These cells were then used in monocyte adhesion assays as described above.
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Statistical Analysis-All data are expressed as the average Ϯ S.E. unless otherwise specified. Differences were identified by two-tailed Student's t tests for the comparison of two groups and by one-way analysis of variance (ANOVA) followed by Tukey's post hoc tests for the comparison of three or more groups and were regarded significant if p was Ͻ0.05.
RESULTS

V3 Expression Enhances Elastic Fiber Formation and mRNA Expression of Tropoelastin and Fibulin 5-
To determine whether V3 expression affects elastic fiber components at transcript levels, tropoelastin and fibulin 5 mRNA levels were determined in samples obtained from four independent transductions of empty vector (LXSN) control and V3 vector (LV3SN)-transduced ASMC lines. Elastic fiber deposition was examined by immunofluorescence using anti-tropoelastin antibodies after 3 weeks of culture. Consistent with our previous studies (19, 28) , V3 expression by ASMCs significantly increased mRNA levels of tropoelastin as well as fibulin 5, a component of microfibrils critical in elastic fiber formation (Fig. 1, A and B) (22) (23) (24) . Fibulin 1 and fibrillin 1 mRNA levels did not differ between V3-expressing ASMCs and control ASMCs (data not shown). The ECM generated by V3-expressing ASMCs (V3-generated ECM) was significantly enriched in elastic fibers compared with that generated by control ASMCs, as determined by immuno-cytochemistry ( Fig. 1, C and D) . These findings indicate that enhanced elastogenesis induced by V3 expression involves increasing tropoelastin and fibulin 5 at transcript levels.
ECM Generated by V3-expressing ASMCs Resists Monocyte Adhesion in an Elastin-dependent Manner-The ECM formed by V3-expressing ASMCs had reduced capacity to bind monocytes compared with control ASMCs expressing only the empty vector LXSN ( Fig. 2A) . To evaluate whether the accumulation of elastic fibers affected monocyte adhesion, the distribution of elastin and adherent monocytes was examined by immunofluorescence against the monocyte marker CD68 and tropoelastin. The number of adherent monocytes was greater in control ECM (green staining in Fig. 2 , B and C) that contained less ASMCs were allowed to deposit ECM for 2 weeks postconfluence. Human U937 promyelomonocytic cells (ATCC) were allowed to adhere to ECM deposited by control or V3-expressing ASMCs, followed by immunofluorescent staining against the monocyte marker CD68, tropoelastin, and nuclei (TO-PRO-3), as described under "Materials and Methods." A, monocyte adhesion was performed as described under "Materials and Methods" in an independent experiment and quantified by examining fluorescently labeled monocytes adhering to the ECM. The graphs are representative of three independent experiments. B and C, control ECM had numerous adherent monocytes (green), whereas tropoelastin staining (red) was minimal. D and E, V3-generated ECM had areas that had abundant elastic fibers that had fewer adherent monocytes, indicating a negative correlation between elastin and monocyte adhesion. Immunofluorescent images are representative of three independent experiments. Error bars, S.E.
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elastin (red staining in Fig. 2 , B-E) than in V3-generated ECM (Fig. 2, D and E) . Also, adherent monocytes on the V3-generated ECM were located in areas with fewer elastic fibers (Fig. 2,  D and E) .
To determine whether V3-generated ECM resists monocyte adhesion in an elastic fiber-dependent manner, tropoelastin or fibulin 5 was knocked down in control and V3-expressing ASMCs using lentiviral shRNA. Elastin shRNA knockdown efficiency was 43 Ϯ 1 and 50 Ϯ 9% in control and V3-expressing ASMCs, respectively, whereas the efficiency of shRNA-mediated knockdown of fibulin 5 mRNA was 51 Ϯ 3 and 47 Ϯ 5%, in control and V3-expressing ASMCs, respectively. As shown in Fig. 3A , monocyte adhesion on V3-generated ECM treated with control shRNA was significantly lower than adhesion to LXSNgenerated ECM (#, p Ͻ 0.05, 65 Ϯ 2% of control shRNA-treated LXSN-ECM). Knocking down either tropoelastin or fibulin 5 significantly increased monocyte adhesion on V3-generated ECM (Fig. 3A, 77 Ϯ 2 and 83 Ϯ 3% of control shRNA-treated LXSN-ECM). In order to test whether elastin resisted monocyte adhesion, the effect on monocyte adhesion of coating nontissue culture-treated polystyrene plates with varying concentrations of elastin was determined as shown in Fig. 3B . Monocyte adhesion was significantly reduced when the plates were coated with 10 and 100 g/ml soluble elastin when compared with untreated polystyrene surfaces, whereas 1 g/ml elastin did not significantly affect the number of adherent monocytes. When performed on tissue culture-treated polystyrene plates coated with collagen I, -elastin, or soluble elastin, fewer monocytes adhered to -elastin or soluble elastin-coated plates compared with collagen I-coated plates, indicating that elastin negatively regulates monocyte adhesion compared with other ECM molecules, such as collagen I (data not shown). These findings indicate that the elastin-enriched ECM generated by V3-expressing ASMCs is a poor substrate for monocyte adhesion and is partially responsible for the antiadhesive effect of V3 expression on monocyte adhesion.
Enhanced Tropoelastin and Fibulin 5 mRNA Expression in V3-expressing ASMCs Is Dependent on TGF␤ Signaling Pathways-TGF␤ up-regulates elastin at the transcript level by affecting tropoelastin promoter activity and by enhancing tropoelastin transcript stability (29 -32) . To determine whether the TGF␤ signaling pathway is responsible for the increase in tropoelastin transcript levels induced by V3 expression, tropoelastin mRNA levels were examined in control and V3expressing ASMCs with or without the presence of a pharmacological inhibitor against TGF␤ signaling, SB431542, or neutralizing antibodies against TGF␤. As shown in Fig. 4A , SB431542 completely abolished the increase in tropoelastin expression in V3-expressing ASMCs, whereas pharmacological inhibitors against IGF1R (AG1024) or EGFR2 (AG825) had only minimal effects. Consistently, neutralizing antibodies against pan-TGF␤ or TGF␤1 also significantly reduced tropoelastin expression, whereas antibodies against TGF␤3 had no effect (Fig. 4B) . The increase in fibulin 5 mRNA expression induced by V3 expression was also dependent on TGF␤ signal-FIGURE 3. V3-generated ECM resisted monocyte adhesion in an elastindependent manner. A, control or V3-expressing ASMCs were infected with lentiviral particles containing nonsense control shRNA or shRNA sequences specific for tropoelastin or fibulin 5 (Santa Cruz Biotechnology) at a multiplicity of infection of 0.5 and were selected by puromycin resistance. These cells were grown for 2 weeks, followed by monocyte adhesion assays as described under "Materials and Methods." Fewer monocytes adhered to the V3-generated ECM than to control LXSN ECM after treatment with negative control shRNA (ctrl shRNA; #, p Ͻ 0.05 in one-way ANOVA followed by Tukey's post hoc tests). Monocyte adhesion on V3-generated ECM significantly increased when treated with shRNA against tropoelastin or fibulin 5 compared with control shRNA-treated V3-generated ECM (ELN or FBLN5 shRNA; *, p Ͻ 0.05 in one-way ANOVA followed by Tukey's post hoc tests). B, the effect of elastin on monocyte adhesion was tested by quantifying adherent monocytes on untreated polystyrene plates coated with various concentrations of soluble elastin, as described under "Materials and Methods." Monocyte adhesion significantly decreased when surfaces were coated with 10 or 100 g/ml elastin (#, p Ͻ 0.05 compared with untreated surfaces). Error bars, S.E. Tropoelastin mRNA levels were examined from total RNA isolated from control and V3-expressing ASMCs by qPCR. B, control or V3-expressing ASMCs were treated with blocking antibodies against all isoforms of TGF␤ (Pan TGF␤ Ab; 10 g/ml, AB-100, R&D Systems), TGF␤1 (TGF␤1 Ab; 1 g/ml, AF-101, R&D Systems), or TGF␤3 (TGF␤3 Ab; 1 g/ml, AF-243, R&D Systems) for 6 days. Tropoelastin mRNA levels were examined as described above. C and D, fibulin 5 mRNA levels were examined from total RNA isolated from control and V3-expressing ASMCs treated with or without pharmacological inhibitors (C) or blocking antibodies (D) described in A and B. *, p Ͻ 0.05 in one-way ANOVA followed by Tukey's post hoc tests. Error bars, S.E.
ing. The pharmacological inhibitor SB431542 (Fig. 4C ) and blocking antibodies against pan-TGF␤ or TGF␤1 (Fig. 4D ) had effects similar to those shown for tropoelastin expression. These findings show that the enhanced expression of tropoelastin and fibulin 5 in V3-expressing ASMCs is mediated by TGF␤ signaling.
Expression of V3 by ASMCs Reduces Hyaluronan Accumulation-Because inhibition of elastin deposition only partially reversed the inhibition of monocyte adhesion to the ECM deposited by V3-expressing ASMCs, experiments were designed to determine whether V3 induces changes in hyaluronan that are responsible for affecting monocyte adhesion. When the total amount of hyaluronan in the control and V3-generated ECM was quantitated by ELSA, the V3-generated ECM had reduced levels of hyaluronan in the cell layer and in the medium (Fig. 5A ) compared with the ECM generated by control cells. Moreover, V3-expressing ASMCs had reduced levels of hyaluronan synthase 1 (Has1) mRNA, whereas Has2 and -3 mRNA did not change significantly (Fig. 5B ). Hyaluronidase 1 or 2 mRNA levels did not change significantly (data not shown). These data indicate that the decrease in hyaluronan accumulation in V3-expressing ASMCs is due to decreased synthesis of hyaluronan.
Expression of V3 Attenuates EGFR-and NFB-dependent Signaling Pathways-Hyaluronan synthesis is regulated by a number of signaling pathways, including the EGFR-PI3K/ERK signaling network (33) (34) (35) (36) (37) . Moreover, hyaluronan synthases have NFB binding regions in their promoters that are regulated by NFB agonists, such as interleukin 1␤ (IL-1␤) and tumor necrosis factor ␣ (TNF␣) (25, 38 -40) . Previous studies have shown that V3 expression in melanoma cells interferes with the CD44/EGFR signaling pathways (41, 42) . Therefore, the effect of V3 expression by ASMCs on EGF-induced signaling was examined. Western blot analysis of the activation of EGF-induced signaling pathways revealed that activation of EGFR and downstream signaling mediators PI3K and NFB p65 was attenuated in V3-expressing ASMCs (Fig. 6A ). Levels of total PI3K p85, but not EGFR or NFB p65, were significantly decreased in V3-expressing ASMCs (Fig. 6B ), suggesting that the altered signaling may be partially due to decreases in the levels of signaling mediators.
ECM Generated by V3-expressing ASMCs Reduces Hyaluronan-dependent Monocyte Adhesion-Hyaluronan cable-like structures generated by inflammatory stimuli, such as viral infection or ER stress, support monocyte adhesion (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) . For-mation of hyaluronan cable structures induced by tunicamycin stimulation in control ASMCs (Fig. 7A) was blocked in V3-expressing ASMCs (Fig. 7B) . Likewise, hyaluronan-dependent 
monocyte adhesion present in control ECM induced by ER stress was abolished on the V3-generated ECM (Fig. 7C) .
Because expression of V3 represses activation of EGFR and NFB in ASMCs, formation of hyaluronan cables induced by ER stress was examined when the EGFR and NFB-dependent signaling pathways were inhibited using pharmacological inhibitors (AG1478 or 6-amino-4-(4-phenoxyphenylethylamino) quinazoline, respectively). Cable formation induced in control cultures by ER stress (Fig. 8A) was repressed in the presence of either EGFR or NFB inhibitors (Fig. 8, B and C) . V3-expressing ASMCs did not generate hyaluronan cables with tunicamycin stimulation (Fig.  8D) . Moreover, in control cultures, hyaluronan-dependent monocyte adhesion induced by ER stress was abolished by inhibition of EGFR or NFB (Fig. 8E) . Overall, these findings indicate that V3 expression by ASMCs blocks signaling pathways mediating hyaluronan synthesis, including EGFR and NFB signaling pathways, and that the ER stress-induced hyaluronan cable formation, supporting monocyte adhesion, is absent in the V3-generated ECM.
VCAM1-dependent Monocyte Adhesion Is Reduced on V3-ex-
pressing ASMCs-Although our data show that V3 expression alters components of the ECM that affect monocyte adhesion, it was not known whether V3 also modulates cell surface molecules critical for monocyte adhesion. Because V3 expression attenuates activation of NFB p65, we examined a number of NFB-responsive proinflammatory cell adhesion molecules that mediate monocyte adhesion, such as VCAM1 and ICAM1. V3-expressing ASMCs had significantly less VCAM1 and ICAM1 at transcript levels (Fig. 9A) , and VCAM1 was signifi- A and B, control (A) or V3-expressing ASMCs (B) were cultured for 2 weeks, followed by 48-h serum starvation and 24-h treatment with the ER stress inducer tunicamycin. Cells were fixed in acid-formalin-ethanol and stained for hyaluronan using biotinylated hyaluronan-binding protein followed by strepavidin Alexa Fluor 488. Nuclei were stained with DAPI. C, monocyte adhesion assays were performed on control or V3-expressing ASMCs cultured for 2 weeks, serum-starved for 48 h, and treated with tunicamycin for 24 h, as described under "Materials and Methods." *, p Ͻ 0.05 in Student's t test comparing hyaluronan-dependent monocyte adhesion on tunicamycin-treated control cells to untreated control cells. #, p Ͻ 0.05 in Student's t test comparing hyaluronan-dependent monocyte adhesion on control and V3-generated ECM. **, p Ͻ 0.05 in Student's t test comparing hyaluronan-dependent monocyte adhesion on V3 to LXSN with tunicamycin treatments. Error bars, S.E. FIGURE 8. Blocking EGFR or NFB signaling reduced hyaluronan-dependent monocyte adhesion induced by ER stress. A-D, control or V3-expressing ASMCs cultured for 2 weeks, followed by 48-h serum starvation, were pretreated with inhibitors against EGFR (5 M; AG1478) or NFB (5 M; 6amino-4-(4-phenoxyphenylethylamino)quinazoline) for 1 h prior to 24-h tunicamycin stimulation. Hyaluronan was visualized by biotinylated hyaluronan-binding protein, as described above. In control ASMCs, ER stress-induced hyaluronan cable structure formation (A) was abolished by pharmacological inhibitors against EGFR (B) or NFB (C). Formation of hyaluronan cable structures induced by ER stress was absent in V3-expressing ASMCs (D). E, hyaluronan-dependent monocyte adhesion in control ASMCs induced by ER stress was significantly reduced by inhibiting EGFR or NFB. *, p Ͻ 0.05 in one-way ANOVA followed by Tukey's post hoc tests comparing controls and treatments with different inhibitors. #, p Ͻ 0.05 in Student's t test comparing monocyte adhesion on control and V3-generated ECM. Error bars, S.E. MAY 30, 2014 • VOLUME 289 • NUMBER 22
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cantly reduced at protein levels (Fig. 9B ). To examine whether V3 expression affects monocyte adhesion mediated by these cell surface receptors, the ligands of VCAM1 or ICAM1, VLA4, or LFA1 on monocytes, respectively, were blocked by neutralizing antibodies prior to the monocyte adhesion assay. Blocking VLA4, but not LFA1, on monocytes significantly reduced the number of adherent cells on both control and V3-expressing ASMCs, indicating that VLA4-VCAM1 interaction was the major factor for supporting monocyte adhesion on the ASMCs (Fig. 9C) . Importantly, the degree of reduction in monocyte adhesion induced by blocking VLA4 was significantly less in V3-expressing ASMCs than in control cells, indicating that the V3-expressing ASMCs support reduced amounts of VCAM1dependent monocyte binding (Fig. 9D) . These data demonstrate that reduced monocyte adhesion on V3-expressing ASMCs was due to a decrease in VCAM1, a critical component supporting monocyte adhesion on the ASMCs.
DISCUSSION
In the present study, we have demonstrated that V3-expressing ASMCs resist monocyte adhesion by affecting multiple components within the microenvironment, first by generating an ECM enriched in elastic fibers and depleted in hyaluronan and, second, by reducing expression of proinflammatory cell adhesion molecules, such as VCAM1. These effects are mediated by the differential regulation of TGF␤-, EGFR-, and NFB-dependent signaling pathways.
Elastic Fibers and Monocyte Adhesion-Interaction of ECM macromolecules critically regulates leukocyte trafficking and differentiation during inflammation in a complex manner (43) (44) (45) . Upon adhesion to ECM molecules, such as collagen and fibronectin, ␤1 integrin facilitates leukocyte infiltration into the site of injury (43) (44) (45) . In contrast, some ECM structures are poor substrates for leukocyte accumulation and activation, such as elastin (46, 47) . Elastic laminae extracted from rat aorta are resistant to leukocyte adhesion and transmigration in vivo and in vitro compared with the collagen-enriched adventitia extracted from the same aorta (46, 47) . Deficiency in fibulin 2 and fibulin 5 in animals results in disrupted elastic laminae accompanied by an increase in vascular adhesion molecules and tissue factor expression as well as thrombus formation after carotid artery ligation injury (23) , suggesting that the elastin-enriched ECM present in healthy aortas protects against vascular injury. Previously, we have demonstrated that expression of the V3 isoform of versican in ASMCs generates an ECM enriched in elastic fibers and that this ECM had reduced capacity to bind monocytes (4, 18, 19, 28) . We now show a causal relationship between changes in elastin accumulation and monocyte adhesion such that knocking down tropoelastin or fibulin 5, a component of microfibrils critical for elastic fiber formation (22) (23) (24) , partially reverses the inhibition of monocyte adhesion caused by V3 expression. week. Prior to monocyte adhesion assays, monocytes were incubated in the presence of functionblocking anti-LFA1 (4 g/ml) or anti-VLA4 (4 g/ml) or both antibodies (2 g/ml each) in ice-cold RPMI medium for 1 h. These cells were added to control or V3-expressing ASMCs. Blocking VLA4, but not LFA1, significantly reduced monocyte adhesion (*, p Ͻ 0.05). unt, untreated. D, the degree of VCAM1-or ICAM1-dependent monocyte adhesion was calculated by subtracting the number of adherent monocytes after blocking VLA4 or LFA1 from the number of adherent monocytes without antibody treatment. VCAM1-dependent monocyte adhesion was significantly reduced in V3-expressing ASMCs (#, p Ͻ 0.05). Error bars, S.E.
Expression of V3 Enhances Elastogenesis by Modulating
TGF␤-dependent Signaling Pathways-V3 is the smallest splice variant of versican and lacks the glycosaminoglycan binding domain and thus contains no chondroitin sulfate chains (48) . Previous studies have demonstrated that chondroitin sulfate interferes with elastin deposition through blocking the interaction of the 67-kDa elastin-binding protein with the cell surface (49 -53) . In addition, we previously showed that V3 induction of elastic fibers was due to decreases in the V0/V1 chondroitin sulfate-containing isoforms of versican (17) and also involved stimulation of tropoelastin mRNA expression (19) . We now show that increased tropoelastin and fibulin 5 expression caused by V3 expression is regulated through TGF␤ signaling. TGF␤ is one of the key cytokines that up-regulates tropoelastin by affecting tropoelastin promoter activity and by enhancing tropoelastin transcript stability (29 -32) . Our finding that fibulin 5, a key component for proper elastic fiber formation (22) (23) (24) , is also up-regulated by V3 through TGF␤ signaling in these ASMCs suggests that V3 expression may also be affecting microfibrillar protein accumulation and influencing the role of fibulin 5 in scaffold formation during elastic fiber deposition (28) .
The mechanisms by which V3 affects TGF␤ signaling are currently under investigation. The G3 domain within V3 can interact with the ␤1 integrin (54 -56), which has been shown to interact with and activate latent TGF␤ (57, 58) . We have shown previously that V3-expressing ASMCs reduce pericellular cell coat enriched in hyaluronan (18) as well as reduce the amount of chondroitin sulfate-bearing proteoglycans, such as the larger versican isoforms V0/V1 (4). Based on these findings, it is possible that V3 may directly or indirectly alter the mechanical environment by interacting with the ␤1 integrin or by reducing pericellular matrix enriched in hyaluronan and chondroitin sulfate-bearing isoforms of versican. This altered mechanical environment or integrin signaling may result in elevated contractile force exerted by cells, which in turn activates latent TGF␤ (59 -67) .
The Impact of V3 on Hyaluronan Accumulation and Hyaluronan-dependent Monocyte Adhesion-Because our findings suggest that the antiadhesive effect of elastin may only partially explain the decrease in monocyte adhesion on V3-generated ECM, we explored whether V3 expression in ASMCs affects other ECM components, such as hyaluronan because hyaluronan modulates elastic fiber deposition as well as monocyte adhesion (5-15, 68, 69) . Indeed, our data show that hyaluronan accumulation as well as Has1 levels are reduced by V3 expression. Interestingly, a previous study by our group has shown that the ECM produced by ASMCs overexpressing Has1 bound more monocytes than ECMs produced by ASMCs overexpressing Has2 and Has3 (70) . Such results implicate Has1 in this monocyte-adhesive ECM phenotype. Hyaluronan synthesis is regulated by a number of pathways, including the EGFR and NFB signaling pathways (71) . Hyaluronan triggers the CD44-EGFR signaling pathway, which up-regulates hyaluronan synthesis in a positive feedback mechanism (33) (34) (35) (36) (37) . Moreover, hyaluronan synthases have NFB binding regions in their promoters and are up-regulated by NFB agonists, such as IL-1␤ and TNF␣ (25, 38 -40) . The data presented here demonstrate that V3 expression blocks the activation of EGFR and downstream NFB in ASMCs, which is consistent with previous studies showing that V3 expression in cancer cells blocked the CD44-EGFR signaling pathway (41, 42) . Furthermore, V3-expressing ASMCs had reduced levels of PI3K p85 downstream of EGFR, indicating that the blockade of EGFR-dependent signaling may be partially due to decreases in signaling mediators. Because V3 has EGF-like motifs that have been shown to affect EGF-dependent signaling pathways (72) (73) (74) , the blockade of EGFR-dependent signaling might be mediated by the G3 domain within V3. These possibilities are currently under investigation.
Hyaluronan accumulation in the ECM has also been shown to promote monocyte accumulation when cells are stimulated by inflammatory conditions, such as viral infection or ER stress (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) . This involves remodeling hyaluronan into cable-like structures cross-linked with other molecules interacting with hyaluronan, such as inter-␣-trypsin inhibitor (I␣I), tumor necrosis factor ␣-stimulated gene 6 (TSG-6), and versican (6, 10 -13) . Recently, we have shown that blocking the hyaluronanbinding region of versican during ECM formation significantly reduced hyaluronan-dependent monocyte binding to the ECM generated by poly(I:C)-stimulated lung fibroblasts (14), indicating that versican bound to hyaluronan has a role in regulating monocyte adhesion. Our data now show that hyaluronan-dependent monocyte binding as well as hyaluronan cable formation induced by ER stress were significantly reduced by V3 expression, suggesting that V3 may function as a dominant negative isoform against the larger isoforms such as V0/V1 and that this may further affect hyaluronan-dependent monocyte binding to ASMCs by reducing hyaluronan accumulation. Whether V3 blocks other signaling pathways induced by ER stress is not yet clear and is under investigation.
Reduction of VCAM1-dependent Monocyte Adhesion by V3 Expression-Components other than those present in the ECM, such as cell surface molecules, including ICAM1 and VCAM1, critically mediate monocyte adhesion and migration in stroma during inflammatory events (75) . In addition to the ECM components that affect monocyte adhesion, our study now shows that V3 expression also interferes with expression of proinflammatory cell adhesion molecules, such as VCAM1, which are critical in leukocyte and myeloid cell activation and accumulation. VCAM1 expression is regulated by NFB (76 -78) , and given that V3 expression led to decreased activation of NFB, the reduction in VCAM1 expression is probably due to a reduction of NFB activation in V3-expressing ASMCs. Previously, ECM molecules, such as V0/V1 versican and hyaluronan oligomers, have been shown to bind and activate Toll-like receptors, which trigger NFB signaling pathways (79, 80) . Interestingly, hyaluronan has previously been shown to increase VCAM1 expression via activating NFB signaling (81, 82) . Thus, the attenuation of NFB signaling pathways in V3-expressing ASMCs might be due to reduced levels of V0/V1 versican and hyaluronan. VCAM1 interacts with VLA4 expressed on monocytes, and when these interactions were blocked by VLA4-blocking antibodies, monocyte adhesion to ASMCs was significantly reduced, indicating that the integrindependent adhesion was also impacted by V3 expression. We MAY 30, 2014 • VOLUME 289 • NUMBER 22 JOURNAL OF BIOLOGICAL CHEMISTRY 15401 further showed that monocyte adhesion mediated via VCAM1-VLA4 interactions was indeed reduced in V3-expressing ASMCs, confirming that the V3 expression reduced monocyte adhesion via blocking VCAM1 expression. The mechanisms by which V3 affects NFB-dependent signaling are currently under investigation.
V3 Resists Monocyte Adhesion by Altering Signaling Pathways
Although our findings indicate that expression of V3 by ASMCs differentially regulates a number of signaling pathways, the precise mechanism(s) by which V3 influences these pathways is not clear. One possibility may be related to the cell shape changes created by V3 expression (18) . V3 expression by ASMCs causes significant cell flattening, and cell shape changes have been shown to contribute to multiple gene expression patterns affecting cell phenotype (83) (84) (85) . Compositional differences and mechanical properties of this newly remodeled microenvironment created by V3 expression probably play a role in creating this anti-monocyte-adhesive phenotype. These findings provide novel insight into factors controlling the generation of a microenvironment that modulates key events in inflammation, which could offer potential therapeutic targets in the treatment of inflammatory diseases in the future.
